Abstract Rheological behavior of wood under uniaxial compression along and perpendicular to the grain in constant environment was examined. Tests with constant deformation rate until failure and stress relaxation tests with constant deformation applied stepwise were carried out. The experimental results of stress relaxation showed nonlinear material behavior over time that got more prominent under high deformation levels. Considerable amount of stress relaxed during applying the deformation. Wood experienced greater stress relaxation along the grain than perpendicular to it. Three rheological models for orthotropic material were calibrated to the experimentally determined stress-time curves in longitudinal and transverse directions simultaneously. Small deformation levels assuming linear strains were accounted for in the models. Required elastic material parameters were determined from the tests with constant deformation rate. A model including the highest number of viscoelastic material parameters was the most successful in predicting stress relaxation of wood under stepwise deformation. Modeling indicated that wood behavior was very close to linear viscoelastic in relaxation under small deformation. The obtained material parameters made the model suitable for predicting rheological behavior of wood comprehensively, under sustained deformation or load in constant conditions.
Introduction
Time-dependent material behavior is an important feature to be considered when wood is used as a structural material. Time-dependent behavior of wood strongly depends on temperature, moisture content level, history and variation, stress and deformation level, wood species, material heterogeneity, etc. In constant climate and nonzero loading or deformation state, the material behavior of wood is viscoelastic. When the moisture content in wood varies and the material is stressed or deformed simultaneously, its behavior is characterized as mechanosorptive. The phenomenon when material's deformation increases over time under constant stress is called creep. The opposite process when the deformation is held constant and stress reduction over time occurs is called relaxation. A complementary amount of stress that is maintained is called stress retention. Creep and relaxation processes trigger the same molecular mechanisms in wood (Engelund and Svensson 2011; Eitelberger et al. 2012) . The relation between creep and stress relaxation phenomena is also mathematically supported in the theory of linear viscoelasticity. The derivation in onedimensional form can be found in many theoretical books on viscoelasticity (e.g., Findley et al. 1976; Flügge 1967) . Mechanosorptive and viscoelastic creep are also considered as connected or as the same mechanisms (Hanhijärvi and Hunt 1998; Hanhijärvi 1995a, b; Hunt 1999; Bažant 1985) . Rheological behavior of wood has been experimentally and theoretically studied for decades. A recent review on the topic has been made by Navi and Stanzl-Tschegg (2009) . Evidently, many studies consider creep behavior of wood (e.g., Ożyhar et al. 2013; Schniewind and Barrett 1972; Taniguchi and Ando 2010; Kawahara et al. 2015) , while the experimental research on stress relaxation is very limited. This is somehow puzzling, since it has been established that wood experiences rheological behavior whether the deformation or the stress is held constant; meaning that the rheological behavior of wood is characterized by both creep of strain and stress relaxation phenomena. Therefore, the importance of research on stress relaxation equals the importance of research on creep of wood and it should not be discriminated or neglected. To be able to understand and numerically or mathematically describe the rheological behavior of wood at various time periods, a wide range of experimental data not only on creep but also on stress relaxation is needed. Accounting for a broad spectrum of work on stress relaxation of wood, some interesting studies have been noticed. Stress relaxation experiments in bending were performed by Gaff and Gašparík (2015) on beech wood, by Kurenuma and Nakano (2012) on wet wood and by Tanimoto and Nakano (2012) on treated wood using aqueous alkali solution. Tensile stress relaxation tests of impregnated wood with water-based preservative at various temperatures were carried out by Yu et al. (2010) . Tensile stress relaxation of pine wood exposed to relative humidity and temperature variations is studied by Li et al. (2012) . Stress relaxation on microlevel of three different coniferous woods under tension parallel and compression perpendicular to the grain was analyzed by Kirbach et al. (1976) . When it comes to stress relaxation of wood in constant environment, the available experimental studies are even more narrowed. Saifouni et al. (2016) analyzed stress relaxation in tension of silver fir in constant climate. Kubat and Klason (1991) reported experimental results of stress relaxation of Scots pine veneer at different stress levels and constant relative humidity. Additionally, Saifouni et al. (2016) and Kubat et al. (1989) presented the results of stress relaxation of wood exposed to changing relative humidity. A very extensive experimental study on stress relaxation of six tropical wood species at several levels of strain in compression and tension was carried out by Echeniques-Manrique (1969) . Commonly, the researchers applied linear viscoelastic 'spring-dashpot' models to the experimental results at low strain levels. The abilities and limitations of one-dimensional (1D) 'spring-dashpot' models for predicting nonlinear time-dependent curves were theoretically discussed in Tschoegl (1989) and Findley et al. (1976) . Practically, Echeniques-Manrique (1969) showed that 1D KD model, also known as Burgers model, was unable to predict stress relaxation of different wood species under instant step excitation. Additionally, he claimed that nonlinear dashpot in series with 'Kelvin solid' fitted experimental data from stress relaxation much better. Mathematical formulation of the nonlinear dashpot was based on the 1D molecular deformation kinetics theory of flow processes (e.g., Krausz and Eyring 1975) . A series of nonlinear dashpots in combination with other rheological assemblies was typically used for modeling creep behavior of wood (Caulfield 1985; Van der Put 1989; Hanhijärvi 1995a, b; Engelund and Svensson 2011) . To the authors' best knowledge, the theory of deformation kinetics has not been applied to modeling rheological behavior of wood in more than one dimension so far. Rawat et al. (1998) used chemical kinetics to study the stress relaxation of pine wood blocks compressed parallel to the grain at constant relative humidity and room temperature.
With the aim of better understanding time-dependent behavior of wood and of offering fresh and up-to-date experimental data on stress relaxation in constant climate, this paper presents a new set of experimental results of stress relaxation of pine wood under compression parallel and perpendicular to the grain. Different levels of deformation were applied to the rectangular block specimens in consecutive manner. Additionally, tests until failure with constant deformation rate were performed. Strains in two perpendicular directions and load were monitored during the tests. Elastic moduli and Poisson's ratios were determined from tests with constant deformation rate. Similar to elastic material parameters, an attempt to find a set of viscoelastic material parameters that characterize the rheological behavior of wood was made. Hence, three two-dimensional (2D) linear viscoelastic models including different numbers of viscoelastic material parameters were calibrated to experimentally determined stress-time curves in the range of elastic strain.
Materials and methods
Experiments were performed by means of a uniaxial testing machine MTS ® . A force transducer LPS.105 of the capacity 100 kN was used. During testing, force and axial and transverse displacements were measured on a front surface of the specimens. Force monitored with the load cell was exported to MTS TestSuite™ software, while the strain measurements were calculated and collected from compatible software, Advantage Video Extensometer (AVX04). All the measurements were exported with the frequency 10 s −1 . The AVX software operated the digital camera, GigE with resolution of 1388 × 1038 pixel recording 17 frames per second. A material testing lens was used with magnification 0.2 and working distance 297 mm. The software works on a principle of digital non-contact strain gauges projected on the image of the specimen's surface. The virtual strain gauge follows the displacements of two points that are physically marked on the specimen's surface. The AVX measurements meet the accuracy requirements for ASTM E83 Class B1 and ISO 9513 Class 0.5 calibration standards (MTS ® 2017). The advantages of measuring strain with digital method compared to a conventional method based on a comparative analysis of elastic constants determined with different methods were discussed in Crespo et al. (2017) . In the experimental analyses at hand, 3 virtual strain gauges were placed in horizontal and 3 in vertical direction on the front surface of each tested specimen. The length of strain gauges in horizontal direction was 20 mm and in vertical direction 16 mm. One strain gauge was placed in the center line and two others symmetrically by 10 and 8 mm offset in horizontal and vertical directions, respectively.
The experiments were carried out on Scots pine (Pinus sylvestris L.) grown in southern Sweden. During testing, climate was held constant at a temperature T = 20 °C and relative humidity RH = 30%. The used wood did neither contain knots, resin nor reaction wood. After the specimens had been cut into rectangular blocks with fairly smooth surfaces, they were conditioned to the target constant environment resulting in equilibrium moisture content u = 9%. Their average crosssectional area was A = 5.915 cm 2 , height h = 3.95 cm and density ρ = 537 kg/m 3 . Two batches of specimens were cut: The first batch consisted of 17 specimens with the grain aligned in the direction of deformation, and the second one contained 18 specimens with the grain perpendicular to the applied deformation. Therefore, the first batch was tested in compression in longitudinal (L) direction and the second one in transverse (T) direction. Six specimens of each batch were deformed until failure with the constant rate 0.2 mm/min in L and 0.6 mm/min in T direction. The deformation rates were chosen so that the first peak compressive load in L direction was reached at approximately 5 min and the peak compressive load in T direction at approximately 2.5 min. Several studies on the influence of loading rate on mechanical properties of wood were reported (Büyüksari 2017; Green et al. 1999; Gerhards 1977) . Generally, it has been concluded that the strength and modulus of elasticity parallel to the grain decrease with decreasing loading rate. However, the influence of loading (or deformation) rate on mechanical properties of wood was not specifically addressed in this work.
The remaining specimens of each batch were tested under a stepwise deformation-controlled procedure. The deformation was controlled by a crosshead movement of the testing machine. The stepwise procedure consisted of different numbers of periods with constant deformation, i.e., relaxation periods, t relax , that were interrupted by so-called active deformation periods where the deformation was applied with constant rate. The deformation rates were equal to those used in the experiments with constant deformation rate until failure. First, all specimens were stepwise deformed for 0.1 up to 0.6 mm which sums up to 6 deformation periods. Next, the specimens were deformed by steps of 0.15 or 0.3 mm of crosshead movement. After each active deformation period, the deformation was held constant for t relax = 5 min for 8 specimens and t relax = 60 min for 3 specimens in L direction. In T direction, 8 specimens underwent the relaxation periods of 5 min and 4 specimens of 60 min. Correspondingly, the specimens were sorted in 5 groups, which is summarized in Table 1 . Since the specimens in groups L51 and L52 had the same testing protocol for the first six steps of active deformation and relaxation periods, they will be designated as group L5 for convenience.
The stress relaxation experiments with 5-and 60-min relaxation periods were carried out with the intention to elucidate and analyze in detail the short-term rheological behavior of wood subjected to the repetitive stepwise deformation. The influence of applying repetitive deformation steps, their magnitudes and the duration of relaxation periods on stress relaxation was investigated. The obtained experimental results present a fundamental basis in development of rheological models for wood material. With the acquired numerical values of material parameters, a direct application of the model to predicting long-term behavior of timber structures in constant climate is possible.
Stress retention and relaxation over particular relaxation period at certain deformation level were determined as follows where σ(t) was determined as ratio between compression force at time t (0 ≤ t ≤ t relax ) and initial cross-sectional area (A) of a specimen. 'Maximum stress' denoted the absolute value of the stress just before the beginning of each relaxation period. Figure 1 shows stress development and crosshead movement with time in stepwise deformation-controlled (crosshead movement) experiments for wood under compression.
(1) 
Determination of elastic modulus for each specimen is based on the mean values of the three measurements of strain in the direction of deformation, ε i , and the corresponding stress, σ i . The interval for determination of elastic modulus is chosen from 15 to 35% of ultimate compression stress, σ u , of each specimen. The ultimate compression stress is calculated as ratio between measured maximum compression force and initial cross-sectional area of a specimen (A). The elastic modulus of particular specimen is determined by the equation where ∆σ i is an increment of stress and ∆ε i is an increment of strain on the chosen interval. Poisson's ratio is calculated at 0.35 × σ u for each specimen as where ε j is the measured strain in the perpendicular direction. In accordance with material orthotropic directions, i and j stand for L or T.
A coupled 2D formulation for modeling a material's viscoelastic response is used for predicting the obtained experimental results of stress relaxation in the range of elastic strain. A 2D mathematical formulation of a linear viscoelastic model based on a 'Kelvin solid' was first presented by Frandsen (2007) . The formulation assumes material orthotropy and is composed of springs and dashpots that characterize linear elastic and viscous response of a material, respectively. Their combination in parallel enables nonlinear strain or stress development over time whether a constant stress or strain is prescribed. Even though the model is capable of predicting the nonlinear creep or relaxation behavior, the constitutive equations are linear elastic and linear viscoelastic. The original 2D Kelvin model (K) was upgraded with additional Kelvin element (KK model) and dashpot (KD model) in series by Huč and Svensson (2018) . Governing constitutive equations of the three rheological models for wood in constant conditions are as follows where (·) denotes time derivative, σ the stress, ε 0 the elastic strain, ε 1 and ε 2 the viscoelastic strains, and Q and η the material parameters. The total strains in L and T directions, ε L and ε T , respectively, are assumed to be a sum of elastic and viscoelastic parts where i = 0 is the elastic part and i = 1 and/or 2 the viscoelastic parts. The elastic response is taken into account by Eq. (5) where the material parameters are determined from relations of elastic moduli and Poisson's ratios for orthotropic material. The viscoelastic response is included by Eq. (6) for i = 1 in K model, by Eqs. (6) for i = 1 and (7) in KD model and by Eqs. (6) for i = 1 and 2 in KK model. The Q and η matrices in Eqs. (5)- (7) for i = 1, 2 and 3. The rheological models K, KD and KK consist of 3 elastic and 6, 9 and 12 different viscoelastic material parameters, respectively, that require to be calibrated against experimental results. The 2D rheological models were successfully applied to experimental results of viscoelastic creep of wood in Kawahara et al. (2015) and Huč and Svensson (2018) . In this study, an attempt of the models' application on the stress relaxation of wood is made. Table 2 shows mean value, standard deviation (std), coefficient of variation (cv), maximum (max) and minimum (min) values of the elastic moduli for specimens (Kollman and Côté 1968) . Lower values of elastic modulus in compression parallel to the grain for species of pine wood were reported in Aira et al. (2014) , Baltrušaitis and Aleinikovas (2012) and Kretschmann (2010) . However, Jin-Kyu et al. (2007) and Aira et al. (2014) discussed possible reasons for discrepancies among the experimental data from different analyses, such as high probability of slight variations in experimental conditions, i.e., RH, deformation rate and the wood itself, i.e., density, degree of growth and imperfections, specimen shape or different methods used for evaluating the elastic material parameters. The experimentally determined Poisson's ratios have high coefficients of variation. Beside the material behavior, in particular the uncertainty of strain measurements perpendicular to the applied deformation is most probably a reason for large coefficients of variation of Poisson's ratios. Figure 2 shows stress retention curves for t relax = 60 min under applied stepwise deformation in (a) L and (b) T directions. The presented stress retention curves are determined as average among the specimens in groups L60 and T60. Stress retention is a nonlinear function of time at all deformation levels. Magnitude of the stress retention curves varies with the applied deformation levels. The shape of stress retention curves over time for specimens in groups L5 and T5 is very similar to those in Fig. 2a, b , respectively. Figure 3 depicts stress relaxation at the end of each relaxation period in relation to maximum stress reached just before the start of each relaxation period for all tested groups. Markers designate mean value and bars designate minimum and maximum values of depicted variables. Mean values of stress relaxation plotted in relation to maximum stresses for the applied deformation levels show a convex function formation. First, stress relaxation decreases to a certain deformation level, where the trend turns and stress relaxation starts increasing. Meanwhile, the maximum stress 
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Fig. 2
Stress retention curves for tested groups a L60 and b T60 under applied consecutive deformation levels is monotonically increasing. Obviously, the material behaves differently under low deformation than under high deformation. Probably, the change in material's behavior appears in the transition from recoverable to permanent deformation. In the range of recoverable elastic deformation, each additional deformation step decreases the stress relaxation, while in the range of irrecoverable plastic deformation the opposite trend is observed, which is in agreement with the experimental results of stress relaxation in compression reported by Echeniques-Manrique (1969) . For specimens deformed in L direction (Fig. 3a, b) , the elastic limit is reached between deformation levels 0.4 and 0.5 mm. The results in Fig. 3c, d indicate the limit of elasticity is between deformation levels 0.3 and 0.4 mm for specimens in group T5 and between 0.6 and 0.75 mm for group T60. In general, the difference in mean values of stress relaxation decreases the closer to the limit of elasticity the material is deformed. The variation of mean value of stress relaxation is about 2% for deformation levels 0.3-0.5 mm. It must be noted that the results regarding the deformation levels 0.1 and 0.2 mm of crosshead movement are noisier in comparison with the results of consecutive deformation levels. Additionally, the scatter of stress relaxation at deformation level 0.1 mm is the highest (Fig. 3) . The noise and scatter of the results are not necessarily related to the material behavior, but could be affected by uncertainty of the used equipment in the range of recoverable strains. Scatter of the maximum stresses is relatively small and quite insignificant; however, it shows a tendency to increase with increasing applied deformation. The mean values of stress relaxation at the end of the relaxation periods are about 40% higher on average in groups L60 and T60 than in L5 and T5, respectively. In general, the stress relaxation is higher when the material is deformed in T direction compared to L direction. Relative error defined as a difference between the maximum stresses in groups L5 and L60, normalized by the maximum stress of group L5 for particular deformation level tends to slightly increase with increasing maximum stress but is never higher than 9%. This could indicate that the deformation history with longer relaxation periods results in higher maximum stresses reached in the range of irrecoverable strain. The mean maximum stress at deformation level 0.9 mm is a bit lower (approx. 4%) in group L52 with a total of 8 relaxation periods than in group L51 which was subjected to one relaxation period less (Fig. 3a) . Since the minimum and maximum values of stress relaxation and maximum stress of group L52 envelop the results of group L51 at deformation level 0.9 mm, the additional relaxation period seems not to influence the magnitude of the maximum stresses reached in the range of irrecoverable strain. Relative comparison of maximum stresses for specimens deformed stepwise in T direction, groups T5 and T60, does not confirm the influence of the duration of relaxation periods on the magnitude of maximum stress reached at each deformation level since the relative error is spread disorderly and is not higher than 8%. Analyzing the mean values of stress relaxation at time 5 min of each deformation period in all tested groups shows that they are on average 15% higher in group L5 compared to group L60 and 27% higher in group T5 compared to group T60. This indicates a considerable influence of the duration of relaxation period on the stress relaxation.
Modeling
The governing Eqs. (5)- (8) of the three viscoelastic models (K, KD, KK) are implemented in a finite element software. Geometry corresponds to the actual experimental data. The elastic material parameters are accounted for as determined from the tests with constant deformation rate (Table 2) . When the applied crosshead movement and the deformation determined as a product of specimen height and the measured strain in the direction of compression are compared, a significant difference is noticed. The loss of deformation occurred due to the friction on the contact surfaces between machine's steel loading plates and the specimen. The amount of lost deformation is quite high, especially in compression along the grain. In order to simulate actual strain-stress state in recoverable range, an average of measured strain in the direction of compression is taken as an input in the numerical models. The strain input for groups L60 (ε L ) and T60 (ε T ) is depicted in Fig. 4a . It corresponds to deformation levels named 0.1-0.4 and 0.1-0.5 for L and T directions, respectively, and is associated with crosshead movement in mm. 4 and 5 deformation steps are modeled for the applied deformation in L and T directions, respectively. Further deformation steps are considered to induce permanent deformation since the stresses exceeded 50% of mean value of ultimate compression stress. The unknown viscoelastic material parameters of each model are determined by least squares fitting procedure of numerically predicted against experimentally obtained stress-time curves for L and T directions simultaneously. To obtain only one targeted experimental stress-time curve per tested group, the average of the ratio between measured force and initial cross-sectional area of each specimen is taken at all measured times. The fitting procedure is applied to 5 points of each relaxation period, i.e., minimum and maximum value, and 1/72, 1/24 and 1/2 of t relax . Figure 5 depicts numerically obtained stress curves by K, KD and KK models together with experimental curves (Exp) for groups L60 and T60. Figure 4b , c shows the corresponding measured and modeled strains perpendicular to the applied deformation for groups L60 and T60, respectively. The experimental data are quite scattered and uncertain; however, the modeled strains are more or less of the same magnitude as experimental data. Numerical results of the three viscoelastic models calibrated to experimental results L5 and T5 are not shown in the paper since their predictions were very similar to those of groups L60 and T60. Doubtlessly, wood material behaves non-linearly viscoelastic under high deformation or stress. At low strain and stress levels, its behavior is also nonlinear viscoelastic but less prominent that allows for the assumption of linear viscoelasticity to be a good approximation (Morlier and Palka 1994) . This was confirmed with the experimental results presented in this paper as well as in numerous other experimental studies (e.g., Echeniques-Manrique 1969; Schniewind and Barrett 1972; Hanhijärvi 1999; Hunt 1999) . The assumption of linear viscoelasticity at low strain or stress levels of wood is especially convenient when predicting material behavior by means of linear 'spring-dashpot' models. Excluding the non-linearity and plasticity, the viscoelastic modeling becomes simpler but limited to low, recoverable stress-strain levels. Yet, the linear viscoelastic models usually include a number of material parameters that do not have real physical meaning and have to be determined by curve fitting procedure. Theoretically, a distinctive feature of linear viscoelasticity is the Boltzmann superposition principle which states for stress relaxation that the stress at current time is a sum or integral or linear superposition of the stresses at previous times obtained under arbitrary strain history (Tschoegl 1989) . For Boltzmann superposition to hold an impulse or instantaneous step, excitations, like delta function, have to be applied. In cases such as the stress relaxation experiments performed where the deformation is applied stepwise, the Boltzmann superposition is not so straightforward in a sense that the normalized stress retention curves do not overlay each other. Instead the stress retention over time is decreasing with additional deformation steps in the range of elastic strain. That was observed in the experimental results and confirmed by the 2D linear viscoelastic models K, KD and KK. The difference between stress retention curves at consecutive deformation levels implies the amount of stress relaxation that occurred during the active deformation periods. In other words, a portion of viscoelastic strains developed not only at constant deformation but also during the active deformation periods. Figure 6 shows the normalized stress retention curves for groups L60 and T60 obtained from experimental data (also shown in Fig. 2 ) and the KK model. It can be seen that the difference between stress retention curves is decreasing with increasing deformation levels in the range of recoverable elastic strains. The KK model is able to predict the decreasing difference but not in the same amount as shown by the experiments. Consequently, the numerically predicted stress retention curves of consecutive deformation steps deviate more markedly. Generally, it can be concluded that the K model is not very successful in predicting experimental stress-time curves. Moreover, the ability of the K model to predict normalized stress retention curves for each relaxation period is practically nonexistent in L direction and substantially too low in T direction. The KD model is almost not able to produce nonlinear stress relaxation behavior, as similarly argued by Echeniques-Manrique (1969) , while the minimum and maximum stresses of each relaxation period fit quite well (Fig. 5) . Stress retention curves corresponding to stress-time predictions of K and KD models are not shown in detail in the paper due to the invaluable results. As expected, the stress-time curves and corresponding stress retention curves are best predicted by the KK model that has the largest number of viscoelastic material parameters among the used models. Less promising is the fact that the models are not able to predict viscoelastic behavior of the material in stepwise relaxation test of wood under compression as good as they are able to predict viscoelastic creep strain of different wood species under constant tension where the excitation is instant (Huč and Svensson 2018) .
It should be noted that the fitted viscoelastic material parameters influence the shape and the magnitude of the predicted stress retention and stress-time curves greatly. Therefore, numerous solutions could be obtained by the same model depending on the values of the viscoelastic material parameters. For instance, the gap between the stress retention curves could be decreased or the shape of the curves could be more alike to experimental results. To the authors' best knowledge, both could not be obtained with the same set of viscoelastic material parameters. Applying more advanced or expert fitting curve methods could most probably enhance the obtained numerical fits. Likewise, numerical prediction of stress relaxation process of wood could be obtained by adding more viscoelastic elements such as 'Kelvin solid' in series to KK model. Values of the viscoelastic material parameters differ among the models; in addition, it is not necessary that the viscoelastic material parameters obtained for groups L60 and T60 would also give the best fits of experimental results L5 and T5.
Conclusion
Scots pine specimens were tested in compression in the grain direction and perpendicular to the grain with constant deformation rate until failure and under stepwise deformation-controlled stress relaxation. The temperature around the specimen and its moisture content were held constant during testing. The stiffness and ultimate strength of the material were much higher in the direction of the grain than in the transverse direction. Corresponding Poisson's ratios were determined with large coefficients of variation. The stress relaxation experiments revealed that stress relaxation at the end of the relaxation periods was a nonlinear function of maximum compressive stresses reached before the start of the particular relaxation period. The stress retention was a nonlinear function of time for all deformation levels applied. The non-linearity was more prominent under higher deformation levels. The stress retention was gradually decreasing when material was deformed in the irreversible or plastic range of strain, while under low reversible strains the stress retention was increasing. The material experienced greater stress relaxation when deformed in the transverse than in the longitudinal direction.
Three linear rheological 2D models with different number of viscoelastic material parameters were used for predicting experimentally obtained stress curves in the range of recoverable strains. Elastic material parameters were used as determined in tests with constant deformation rate until failure. Viscoelastic material parameters were calibrated against experimental data. The same set of material parameters was used for predicting stress development over time in L and T directions. The input deformation protocol in the models was assigned according to the measured strain in the direction of applied deformation. The active deformation periods with nonzero deformation rate were also taken into account. The analyses showed that the simple viscoelastic K model was not capable to simulate stress relaxation. The numerical prediction was improved with additional viscoelastic material parameters that were built in the KK model. According to the KK model's results, it could be concluded that the material behavior observed by tests was very close to linear viscoelastic in relaxation under low deformation. Since the stress relaxation was taken into account not only in relaxation periods but also during the active deformation periods with nonzero deformation rate the stress retention curves were not superimposed. The difference between the curves obtained from experimental results was small if compared to the numerical predictions.
It was shown already the models were able to predict viscoelastic creep response in two perpendicular directions simultaneously when one load level was applied instantaneously. Analogously, it can be expected if only one level of deformation is applied instantaneously the tuning of the models to stress relaxation would also be satisfactory. As shown, already the simple K model was good enough in predicting viscoelastic creep response of wood under instantaneously applied constant load. This might not be the case when the prediction of viscoelastic behavior of wood in stress relaxation under instantaneous step deformation is to be desired. There, the models with higher number of viscoelastic material parameters (e.g., KK) might be required to obtain accurate fit to experimental results. If such analysis was carried out, it would be interesting to compare the numerical values of viscoelastic material parameters of the particular model calibrated to the stress relaxation and creep separately. Since they trigger the same molecular processes, it is expected that one set of viscoelastic material parameters will render equally good predictions of the viscoelastic response of wood in creep and stress relaxation. Yet, this hypothesis needs to be confirmed. Obviously, when a stepwise excitation is applied the material behavior becomes much harder to predict. The task is especially challenging when particular deformation or load level is studied in detail. In the future, the ability of the models to predict a stepwise viscoelastic creep would be interesting to investigate. The question arises whether the models will be as successful in predicting viscoelastic creep under stepwise loading as they were when the constant load was applied instantaneously. Afterward, the appropriate and more specific conclusions about the capability and suitability of the models for predicting viscoelastic behavior of wood under stepwise excitation can be drawn. In order to find better theoretical models for predicting the stress relaxation in wood material, it might also be worth working on a formulation including nonlinear dashpots in two orthotropic directions.
